Hepatocellular carcinoma (HCC) is the fifth most common cancer in the world and the third most common cause of cancer-related mortality.^[@bib1],\ [@bib2]^ Despite the current use of hepatectomy and liver transplantation to improve the radical cure rates,^[@bib3]^ there is still a high incidence of recurrence because of intrahepatic and extrahepatic metastases and postsurgical recurrence.^[@bib4],\ [@bib5]^ The development of overt metastasis is preceded by the dissemination of tumor cells from the primary tumor to distant sites such as the blood circulation, bone marrow or lymphatic system.^[@bib6]^ As hematogenous spread is the major route of HCC metastasis,^[@bib7]^ detection of circulating tumor cells (CTCs) might be complementary to the current diagnostic techniques used for tumor staging and monitoring the response to treatment.^[@bib8]^ However, phenotypic alterations in CTCs may affect the accuracy of the prognostic assessment.^[@bib9]^ Interestingly, a recent report indicated that the presence of mesenchymal markers in CTCs can more accurately predict a poor prognosis.^[@bib10]^

The epithelial--mesenchymal transition (EMT) is a complicated process that endows epithelial cells with enhanced metastatic and invasive potential.^[@bib11]^ A hallmark of EMT is the loss of epithelial characteristics such as a decrease in the expression of the cell adhesion molecular E-cadherin and acquisition of a mesenchymal phenotype accompanied by increased expression of vimentin. EMT-related transcription factors such as twist, snail, slug, ZEB1 and ZEB2 orchestrate the EMT and enable the early steps of metastasis, which mainly consist of local invasion and subsequent dissemination of tumor cells to distant sites.^[@bib12]^ These transcription factors repress E-cadherin expression through binding to the E-box in the E-cadherin gene promoter and in turn promote EMT.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17]^ It has been reported that the EMT markers snail, twist and slug are expressed in HCC, and the independent and collaborative effects of snail and twist on HCC metastasis have been confirmed.^[@bib18]^ In addition, the elevated expression of some EMT transcription factors has been used to evaluate poor overall and disease-free survivals.^[@bib19]^

CTCs spreading into the circulation appear to be a very heterogeneous population of cells with variable potential to establish distant metastasis.^[@bib20],\ [@bib21]^ CTCs disseminate from the primary tumor by undergoing phenotypic changes that allow the cells to penetrate blood vessels.^[@bib6],\ [@bib22]^ Aberrant activation of EMT has been implicated in this process, based on studies with a mouse model and human cancer cell lines.^[@bib23],\ [@bib24]^ A recent report addressing the correlation between EMT-marker expression in CTCs and breast cancer progression encourages future studies regarding the expression of EMT-related markers in CTCs and cancer progression.^[@bib25]^ Moreover, recent studies have demonstrated that vimentin is expressed in the CTCs of breast and advanced prostate cancer patients.^[@bib11],\ [@bib26]^ However, it remains largely unclear whether EMT-related markers are expressed in CTCs or are involved in progression in the context of HCC.

As EMT appears to have a role in facilitating the evolution of a subpopulation of tumor cells to more aggressive phenotypes, it would be highly interesting to determine whether EMT occurs in HCC tissue and to correlate EMT occurrence with the formation of CTCs. Moreover, it would be extremely significant to investigate whether EMT-related markers are expressed in CTCs and whether their expression levels may serve as prognostic factors in HCC patients.

Results
=======

Biotinylated asialofetuin can label HCC cells sensitively and specifically
--------------------------------------------------------------------------

It has been reported that asialoglycoprotein receptor (ASGPR) is exclusively expressed in human hepatoma cell lines.^[@bib27]^ In accordance with this, our results confirmed the specificity of the interaction between biotinylated asialofetuin and ASGPR-expressing cells. Biotinylated asialofetuin efficiently binds to human hepatoma cell lines, such as HepG2, MHC97H, PLC, SMMC-7721, SK-Hep1; however, it interacts poorly with the non-HCC cell lines MGC-803 and HeLa ([Figure 1](#fig1){ref-type="fig"}). When we disrupted ASGPR expression in hepatoma cell lines using siRNA oligonucleotides ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), biotinylated asialofetuin binding to HepG2 or PLC was dramatically reduced. These results confirmed the specific interaction between biotinylated asialofetuin and HCC cells.

CTCs can be used as a valid indicator to evaluate the progression and prognosis of HCC
--------------------------------------------------------------------------------------

The characteristics of CTCs obtained from HCC patient samples included a larger cell size with intact nuclei and high nucleus-to-cytoplasm ratios. The CTCs from HCC patients were also stained positively for HSA and DAPI, and they were negative for CD45 ([Figure 2a](#fig2){ref-type="fig"}). CTCs were isolated from the blood samples obtained from 46 of the 60 (76.7%) HCC patients. The positivity rate of CTCs was significantly higher in patients with portal vein tumor thrombus (96.9%) than in patients without portal vein tumor thrombus (53.6% *P*\<0.001) ([Table 1](#tbl1){ref-type="table"}). The positivity rate of CTCs was significantly higher in patients with Edmondson--Steiner grade III or IV (87.5%) than in patients within grade I or II (33.3% *P*=0.005) ([Table 1](#tbl1){ref-type="table"}). The positivity rate of CTCs was also significantly higher in patients beyond the Milan criteria (90.5%) than in those patients within the Milan criteria (44.4% *P*\<0.001) ([Table 1](#tbl1){ref-type="table"}). The Spearman\'s rank correlation analysis indicated that there was a high correlation between the positivity rate of CTCs and the tumor size (*r*=0.371, *P*=0.003) ([Table 1](#tbl1){ref-type="table"}). Moreover, the positivity rate of CTCs was closely correlated with the TNM staging from 47.4% in stage I to 100% in stage IV (*r*=0.471, *P*\<0.001) ([Table 1](#tbl1){ref-type="table"}). However, there was no significant correlation between the positivity of CTCs and other clinicopathological factors, such as age, sex, etiology, Child--Pugh class, cirrhosis, serum AFP level or tumor number ([Table 1](#tbl1){ref-type="table"}). CTCs were not detected in any of the blood samples from healthy volunteers or patients diagnosed with benign liver disease or non-HCC cancer.

Meanwhile, to date, we have completed a minimum of 1 year of follow-up of 31 HCC patients who received resection of liver cancer or hepatic artery chemoembolization. The results indicate that the rate of recurrence or metastasis was significantly higher in the CTC+ patient group (88.0%) than in the CTC− patient group (16.7% *P*=0.002) ([Table 2](#tbl2){ref-type="table"}). Meanwhile, the mortality rate was also significantly higher in the CTC+ patient group (64.0%) than in the CTC− patient group (0.0% *P*=0.007) ([Table 2](#tbl2){ref-type="table"}).

Clinicopathological significance of EMT markers expressed in CTCs
-----------------------------------------------------------------

HeLa cells, a human cervical adenocarcinoma cell line, were used as a positive control for twist and vimentin detection^[@bib11]^ ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). Similarly, triple-immunofluorescence for HSA/twist/CD45 and HSA/vimentin/CD45 was performed with SK-Hep1 cells, a high-EMT HCC cell line^[@bib28]^ ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}), as a positive control for the subsequent identification of CTCs with twist and vimentin expression ([Supplementary Figure 2c](#sup1){ref-type="supplementary-material"}). Meanwhile, twist and vimentin expression was also observed in peripheral blood mononuclear cells (PBMCs) ([Supplementary Figure 2d](#sup1){ref-type="supplementary-material"}), which were used as a positive control for the expression of twist and vimentin specifically in CTCs other than hematopoietic cells.

The positive expression of vimentin and twist in CTCs was observed in 37 (80.4%) and 39 (84.8%) of the 46 patients with different stages of disease ([Figures 2b and c](#fig2){ref-type="fig"}). The positivity rate of both vimentin and twist expression in CTCs was significantly higher in patients with portal vein tumor thrombus (93.5% and 100%, respectively) than in patients without portal vein tumor thrombus (53.3% and 53.3%, respectively; *P*=0.003, *P*\<0.001) ([Table 3](#tbl3){ref-type="table"}). The positivity rate for both vimentin and twist expression in CTCs was highly correlated with the TNM staging, with 55.6% and 66.7% positivity in stage I and 100.0% and 100.0% positivity in stage IV (*r*=0.424, *r*=0.305; *P*=0.003, *P*=0.04), respectively ([Table 3](#tbl3){ref-type="table"}). The positivity rate for vimentin expression in CTCs was also significantly higher in patients beyond the Milan criteria (86.8%) than in patients within the Milan criteria (50.0.0% *P*=0.036) ([Table 3](#tbl3){ref-type="table"}). In addition, there was a high correlation between the positivity rate for vimentin expression in CTCs and tumor size (*r*=0.561, *P*\<0.001). However, there was no significant difference in the positivity rate in CTC for twist and vimentin expression across the samples with regard to the other clinical parameters, including age, sex, cirrhosis, tumor number, etiology, Child--Pugh class, serum AFP level or Edmondson--Steiner grade ([Table 3](#tbl3){ref-type="table"}).

Triple-immunofluorescence experiments revealed that twist and vimentin were coexpressed in 32 (70.9%) of the 46 CTCs obtained from the same patient ([Figures 2h and i](#fig2){ref-type="fig"}). The positivity rate for twist and vimentin coexpression in CTCs was significantly higher in patients with portal vein tumor thrombus (93.5%) and patients who were beyond the Milan criteria (76.3%) than in patients without portal vein tumor thrombus (20.0%, *P*\<0.001) or who were within the Milan criteria (37.5% *P*=0.044) ([Table 3](#tbl3){ref-type="table"}). Moreover, there was a significant correlation between the positivity rate for twist and vimentin coexpression in CTCs and tumor size (*r*=0.414, *P*=0.004) ([Table 3](#tbl3){ref-type="table"}). The positivity rate for twist and vimentin coexpression in CTCs was also correlated with the TNM staging, with 33.3% positivity in stage I and 100.0% positivity in stage IV (*r*=0.476, *P*=0.001) ([Table 3](#tbl3){ref-type="table"}). However, there was no significant difference in the positivity rate for twist and vimentin coexpression in CTCs across samples with other clinical variables ([Table 3](#tbl3){ref-type="table"}). Meanwhile, we also detected other EMT-related transcriptional factors in the CTCs. We found that the expression of ZEB1, ZEB2 and snail could also be partially detected in CTCs ([Figures 2d--f](#fig2){ref-type="fig"}), and E-cadherin expression was absent in all patients with CTCs ([Figure 2g](#fig2){ref-type="fig"}). However, the positivity rate of these transcription factors in CTCs was not correlated with any clinical parameters ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). The expression of slug in CTCs was not detected in any samples.

EMT markers differentially expressed in primary HCC
---------------------------------------------------

Immunohistochemistry was used to detect the expression of EMT-related genes in the surgical specimens of 28 HCC patients. The results showed that E-cadherin expression in HCC tumors was apparently lower than in the adjacent non-tumoral liver tissues. The expression of vimentin, twist and ZEB1 in HCC tumors was significantly higher than that in the adjacent non-tumoral liver tissues. ZEB2 expression was prone to be downregulated in the HCC tumors compared with the adjacent non-tumoral liver tissues. There was no apparent difference in the level of snail expression between the HCC tumors and the adjacent non-tumor liver tissues. Slug was barely detected in the HCC tumors or in the adjacent non-tumoral liver tissues ([Figure 3A](#fig3){ref-type="fig"}). Moreover, to further determine whether the EMT occurred in the primary HCC specimens, quantitative fluorescence western blot was performed. The analysis revealed that the relative level of E-cadherin expression was significantly lower in the HCC tumors (0.096±0.011) than in the paired adjacent non-tumoral livers (0.196±0.031, *P*=0.003) ([Figures 3B and D](#fig3){ref-type="fig"}). The relative levels of vimentin, twist and ZEB1 expression were significantly higher in the HCC tumors (0.495±0.055, 0.217±0.035, 0.145±0.017) than in the paired adjacent non-tumoral livers (0.336±0.039, 0.095±0.015, 0.102±0.010; *P*=0.002, *P*\<0.001, *P*=0.016, respectively) ([Figures 3B and D](#fig3){ref-type="fig"}). ZEB2 expression was significantly lower in the HCC tumors (0.096±0.013) than in the paired adjacent non-tumoral livers (0.138±0.018; *P*=0.030) ([Figures 3B and D](#fig3){ref-type="fig"}). There was no statistically significant difference in snail or slug expression between the HCC tumors and the paired adjacent non-tumoral livers, and the slug expression was extremely low in the liver tissues ([Figures 3B and D](#fig3){ref-type="fig"}). In addition, E-cadherin, twist and vimentin were also detected in a series of hepatoma cell lines and HeLa cells ([Figure 3C](#fig3){ref-type="fig"}).

EMT in HCC specimens promotes the blood-borne dissemination of primary HCC cells
--------------------------------------------------------------------------------

We sought to identify whether specific EMT markers have a role in promoting the dissemination of tumor cells from the primary HCC. The correlation analysis indicated that the relative levels of vimentin and twist expressions were negatively correlated with E-cadherin expression in HCC tumors (*r*=−0.604, *P*=0.001; *r*=−0.437, *P*=0.020) ([Figures 4a and b](#fig4){ref-type="fig"}). However, there was no significant correlation between the relative levels of ZEB1, ZEB2, snail or slug expression and E-cadherin expression in HCC tumors ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). In addition, the relative level of E-cadherin in HCC tumors was significantly lower in HCC patients with a portal vein tumor thrombus (0.066±0.008) than those in patients without a portal vein tumor thrombus (0.112±0.011, *P*=0.007) ([Figure 4c](#fig4){ref-type="fig"}). In addition, the relative levels of vimentin and twist expression in HCC tumors were significantly higher in HCC patients with a portal vein tumor thrombus (0.764±0.079, 0.365±0.071) than those in patients without a portal vein tumor thrombus (0.346±0.044, 0.134±0.020; *P*\<0.001, *P*=0.004, respectively) ([Figure 4c](#fig4){ref-type="fig"}). However, there was no significant difference between the relative level of the rest of the transcriptional factor expression and portal vein tumor thrombus ([Figure 4c](#fig4){ref-type="fig"}).

It was encouraging to find that the relative level of E-cadherin expression was significantly lower in the CTC-positive patients (0.081±0.009) than in the CTC-negative patients (0.122±0.015; *P*=0.013) ([Figure 4d](#fig4){ref-type="fig"}). Simultaneously, the relative levels of vimentin and twist expression were significantly higher in the CTC-positive patients (0.599±0.068, 0.275±0.047) than in the CTC-negative patients (0.307±0.058, 0.111±0.029; *P*=0.012, *P*=0.009, respectively) ([Figure 4d](#fig4){ref-type="fig"}). However, there was no significant correlation between the relative levels of the remaining EMT markers and the positivity rate of CTCs ([Figure 4d](#fig4){ref-type="fig"}). These results indicated that the extent of the occurrence of the EMT was positively correlated with the formation of CTCs in the peripheral blood of HCC patients.

Discussion
==========

EMT-related marker expression in CTCs provides important information for the evaluation of clinical outcomes. CTCs modify their morphology, intercellular junctions, physical properties, molecular marker expression and cytoskeletal organization as a result of the EMT.^[@bib29]^ Primary tumor cells need to gain the properties of invasiveness and motility to disseminate to distant organs. Different modes of metastasis require different mechanisms of initiation and proceed in an EMT-dependent or -independent manner, which might be reflected by a sustained or tumor cell-altered phenotype.^[@bib30],\ [@bib31]^ Interestingly, the presence of EMT-related markers on CTCs has been reported to more accurately predict tumor progression than the expression of epithelial markers alone.^[@bib32]^ So far, little is known about the clinical relevance of EMT-related marker expression in CTCs. Accordingly, the present study indicated that twist and vimentin expression in CTCs can be applied as diagnostic and prognostic biomarkers in HCC metastasis, and both of their expression levels in HCC tumors correlate with CTC formation.

The use of separation technology has had an enormous impact on morphological and genomic analyses of CTCs. Immunomagnetic isolation techniques targeting markers that are specifically expressed on CTCs are currently the most widely used methods to isolate CTCs.^[@bib33]^ Nevertheless, accumulating evidence indicates that the isolation of CTCs from the blood of cancer patients is significantly hampered by the plasticity and phenotypic alterations common to CTCs.^[@bib21],\ [@bib34]^ It has been demonstrated that the current approaches based on epithelial antigens may fail to detect the most aggressive CTC subpopulation, which may have undergone EMT.^[@bib35]^ Therefore, it is necessary to optimize CTC detection methods by including markers that are not repressed during that EMT but that still allow CTCs to be distinguished from the surrounding blood cells. Given these considerations, we applied a unique magnetic separation system for CTCs that utilizes the binding of ASGPR to biotinylated asialofetuin. This system has been previously adopted to isolate functional primary mouse hepatocytes and CTCs in HCC patients.^[@bib36],\ [@bib37]^ Hepatocyte-specific antigen was used to identify CTCs and is considered to be specific for normal and neoplastic hepatocytes.

The positivity rate of CTCs has unique advantages for estimating metastasis and prognosis. The 60 HCC patients enrolled in this study were classified according to the widely recognized sixth edition UICC TNM-staging system and the Milan criteria.^[@bib38],\ [@bib39]^ The validity of this isolation system was confirmed by the detection of CTCs in blood samples from 46 of the 60 (76.7%) HCC patients, including patients with tumors \<3 cm in diameter and patients with Edmondson--Steiner grade I or II. It has been demonstrated that portal vein tumor thrombus has a critical role in intrahepatic metastasis.^[@bib40]^ Consistent with this observation, our results demonstrated a significant correlation between the positivity rate of isolated CTCs and portal vein tumor thrombus in HCC patients. This finding suggests that portal vein tumor thrombus may also be a consequence of the systemic spread of CTCs, acting as the basis for micrometastasis formation. The positivity rate of CTC detection in our study was also significantly correlated with the differentiation status, as defined by Edmondson--Steiner grading,^[@bib41]^ which reflects the invasive and metastatic abilities of HCC cells to some extent. In addition, the Milan criteria (single tumor ≤5 cm in size or ≤3 tumors, each ≤3 cm in size and no macrovascular invasion) have been most widely used for the selection of candidates for liver transplantation for more than a decade. Patients undergoing liver transplantation for HCC within the Milan criteria have an excellent outcome.^[@bib39]^ The close correlation between the positivity rate of CTCs and the Milan criteria suggested that the detection of CTCs may have potential applications in choosing candidates for liver transplantation. Up to now, the follow-up results related to the rate of recurrence or metastasis and the mortality rate were significantly correlated with the positivity rate of CTCs. These results indicated that the positivity rate of CTCs may serve as an independent prognostic index that has unique advantages compared with other traditional clinical diagnostic methods.

To the best of our knowledge, this study was the first to investigate the expression of EMT markers in the individual CTCs of HCC patients with different stages of disease and to evaluate the correlation between the positivity rates of these genes in CTCs and the clinical variables. It has been reported that twist overexpression was positively correlated with HCC metastasis and enhanced invasiveness and motility by activating the EMT in metastatic HCC tissue and cell lines.^[@bib42],\ [@bib43]^ We found that the positivity rate for twist expression in CTCs was closely correlated with portal vein tumor thrombus. This result suggested that twist has a critical role in promoting the EMT in CTCs and is consistent with previous reports showing that twist increased the HCC cell invasiveness and motility. The EMT might cause alterations in the tumor cell phenotype during the early stages of tumor progression, and these alterations could initiate the dissemination of tumor cells during the early stages and lead to the establishment of micrometastasis.^[@bib10]^ Therefore, it is understandable that there were no significant differences in the CTC twist expression across HCC tumors related to the Milan criteria or tumor size. We speculated that twist, as a transcription factor that suppresses the expression of E-cadherin, might facilitate the EMT in the early phases of HCC progression.

Vimentin is now regarded as a canonical marker of the EMT, and its overexpression has been strongly associated with a metastatic phenotype and poor prognosis.^[@bib44]^ Similarly, our results indicated that the positivity rate of vimentin expression in CTCs was associated with several important clinical parameters, including portal vein tumor thrombus, the Milan criteria, tumor size and TNM stage. This suggested that vimentin, as an EMT-related marker, could be employed as an effective prognostic biomarker in HCC patients. In addition, twist and vimentin could be simultaneously detected in CTCs of the same patients, which indicated that the EMT occurred in CTCs thoroughly. There was a significant correlation between the positivity rate of twist and vimentin coexpression in CTCs and portal vein tumor thrombus (*P*\<0.001), suggesting that the detection of both twist and vimentin in CTCs could more accurately predict HCC metastasis. However, based on the negative expression of E-cadherin in all CTCs, it can be assumed that CTCs that enter circulation are characterized by loss of cell--cell adhesion. There was no significant difference between the positive expression of other transcriptional factors in CTCs and the clinical parameters in HCC patients, which may reflect that different EMT-related transcriptional factors have a role in the EMT process depending on the tumor types.

Investigating EMT markers in HCC tumor tissue can have an instructive role in exploring the mechanism of the EMT in CTC. Although immunohistochemistry and western blot analysis showed that the expression levels of E-cadherin, twist, vimentin, ZEB1 and ZEB2 were significantly different in HCC tumors compared with adjacent non-tumoral liver tissues, only twist and vimentin expression levels were negatively correlated with E-cadherin expression in HCC tumors. This result suggested that twist and vimentin have a critical role in facilitating the EMT in primary HCC. In addition, the correlation between the relative expression of E-cadherin, twist and vimentin in HCC tumors and portal vein tumor thrombus demonstrated the important role of twist, vimentin and E-cadherin in promoting HCC metastasis. Moreover, the relative expression levels of twist, vimentin and E-cadherin in HCC tumors were closely associated with the positivity rates of CTCs in the peripheral blood, which indicated that the extent of the development of the EMT was positively related to the formation of CTCs in HCC patients. In other words, the EMT in HCC tumors has a role in promoting the blood-borne dissemination of primary HCC cells.

In summary, this study clearly indicated that the positivity rates of twist and vimentin expression in CTCs were significantly correlated with a series of clinical variables. Therefore, twist and vimentin expression in CTCs could be an attractive and promising clinical early diagnostic tool for evaluating metastasis and prognosis. We demonstrated that the EMT has a role in promoting the blood-borne dissemination of primary HCC cells. To further confirm this hypothesis, an *in vivo* dynamic EMT process and an animal model are desperately needed to clarify the molecular mechanisms of the EMT in CTCs, which will benefit the targeted therapy of metastasis and improve prognosis.

Materials and Methods
=====================

Patients and sample collection
------------------------------

From February 2012 to August 2013, peripheral blood samples were collected from 60 HCC patients, 10 patients with benign liver diseases (including patients with cirrhosis, chronic hepatitis B, hepatic hemangioma and liver cysts), 10 healthy volunteers and 10 patients with miscellaneous advanced cancers other than HCC, such as breast cancer, lung cancer or colorectal cancer. HCC was histologically diagnosed using surgically resected specimens or liver biopsies from 28 subjects. Snap-frozen and paraffin-embedded samples of HCC tumors and paired adjacent non-tumoral liver tissue were obtained from the 28 patients who underwent liver resection or liver biopsies. The remaining HCC patients were diagnosed based on clinical features, computed tomographic signs of HCC, hepatic arteriography and elevated AFP levels. The other non-HCC cancers were diagnosed using histopathological examination. The clinical characteristics of HCC patients are summarized in [Table 4](#tbl4){ref-type="table"}. Blood samples (10 ml) were drawn from each patient and collected in BD vacutainer tubes containing K~2~EDTA (Becton Dickinson, Franklin Lakes, NJ, USA). The samples were stored on ice and processed within 6 h of collection. Snap-frozen tissues were obtained immediately after resection and stored at −80 °C for further investigation. Paraffin-embedded samples were freshly cut into 5-*μ*m sections and mounted on microscope slides before immunohistochemistry. Written informed consent was obtained from all patients and healthy volunteers who participated in this study. This study was approved by the Ethics and Scientific Committees of our institution.

Cell culture
------------

The human hepatoma cell lines HepG2 and MHC97H were a kind gift from Dr. Chen Yongbiao (Department of Hepatobiliary Surgery at Southwest Hospital, Chongqing). The human hepatoma cell lines SMMC-7721, PLC and SK-Hep1 were purchased and authenticated from the Shanghai Institute of the Cell Bank of the Chinese Academy of Science. The gastric cancer cell line MGC-803 and HeLa adenocarcinoma cells were kindly provided by Dr. Zhang Anmei (Department of Oncology at Xin Qiao Hospital, Chongqing). The human hepatoma cell lines HepG2, MHC97H, SMMC-7721, PLC and HeLa adenocarcinoma cells were cultured in Dulbecco\'s modified Eagle\'s medium (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Hyclone, Logan, UT, USA) and 1% (v/v) penicillin/streptomycin solution (Beyotime, Shanghai, China). The hepatoma cell lines SK-Hep1 were cultured in Minimum Essential Medium (Hyclone) supplemented with 15% FBS and 1% penicillin/streptomycin. The gastric cancer cell line MGC-803 was cultured in RPMI 1640 (Invitrogen) supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were maintained at 37 °C in a humidified atmosphere containing 5% CO~2~ and harvested with trypsin before use.

Asialofetuin biotinylation
--------------------------

Asialofetuin (Sigma-Aldrich, St. Louis, MO, USA) was biotinylated using sulfo-NHS-LC-biotin (Thermo Scientific, Waltham, MA, USA) according to the manufacturer\'s protocol. Briefly, 1 mg asialofetuin was dissolved in 1 ml phosphate-buffered saline. Approximately 20-fold molar sulfo-NHS-LC-biotin solution was added to the protein solution and incubated at room temperature for 60 min. Then, excess biotin reagent was removed using a desalting column. Finally, the level of biotin incorporation was measured using the HABA assay, which detects the absorbance of the HABA--avidin solution before and after the addition of the biotin-containing sample. Samples were considered suitable for subsequent applications when the incorporation reached 4--6 biotin groups per protein molecule.

Flow cytometric analysis
------------------------

To determine the binding efficiency of ASGPR and biotinylated asialofetuin, several tumor cell lines and ASGPR-knockdown cell lines were utilized in the assay. Silencing of ASGPR gene expression was carried out using ASGPR1 gene-specific siRNA oligonucleotides (sense: 5′-GAGGCAAUGUGGGAAGAAATT-3′ and antisense: 5′-UUUCUUCCCACAUUGCCUCTT-3′) (purchased from Invitrogen) following the manufacturer\'s instructions. Briefly, HepG2 and PLC cells were transfected according to the manufacturer\'s protocol. Then, the cells were cultured for 48 h prior to detection of ASGPR expression using western blot and flow cytometric analyses. The main steps of flow cytometric analysis were as follows: the 5 × 10^5^ HepG2, MHC97H, PLC, SMMC-7721, SK-Hep1, HeLa, MGC-803 and HepG2, PLC that had knocked down ASGPR expression were incubated with 100 *μ*l of biotinylated asialofetuin at 37 °C for 45 min. The cells were then washed by adding 1--2 ml of buffer, followed by incubation with antibiotin--fluorescein isothiocyanate (FITC; Miltenyi Biotec Gmbh, Bergisch Gladbach, Germany) for 5 min in the dark at 4 °C. Finally, the cell pellets were resuspended in 200 *μ*l of buffer for analysis on a FACSCalibur flow cytometer (Becton Dickinson). The data were analyzed using the CellQuest software (Becton Dickinson).

Mononuclear cell enrichment
---------------------------

As mononuclear cells and tumor cells were located in the same layer, mononuclear cells and tumor cells were isolated from the peripheral blood samples using density gradient centrifugation using a 1.077 g/ml Ficoll-Paque PLUS product (GE Healthcare, Pittsburgh, CA, USA). Briefly, fresh anticoagulant-treated blood and Ficoll-Paque media were prepared at 18--20 °C. Ten milliliters of peripheral blood was mixed with an equal volume of balanced salt solution (NaCl solution, 0.14 mol/l). The mixture was then carefully layered onto the Ficoll-Paque media solution and centrifuged at 400 × *g* for 35 min at 20 °C in a 50-ml centrifuge tube (Corning Inc, Glendale, AZ, USA). Then, the layer of mononuclear cells was transferred to a sterile centrifuge tube, and at least 3 volumes of balanced salt solution were added. After washing twice, the cell pellet was resuspended in the appropriate medium for the separation experiment.

Magnetic separation and cytospin preparation
--------------------------------------------

Cells were incubated with biotinylated asialofetuin for 45 min at 37 °C incubator and washed with buffer (PBS containing 0.5% bovine serum albumin (BSA) and 2 mM EDTA, pH=7.2). For magnetic labeling, cells were incubated with antibiotin microbeads (Miltenyi Biotec GmbH) for 15 min at 4 °C. Then, cells were washed once and resuspended in 500 *μ*l of buffer. Magnetically labeled cells were isolated using the MiniMACS Separator (Miltenyi Biotec GmbH) with MS column according to the user manual. Briefly, the MS column was placed in the MiniMACS Separator that was located in the magnetic sorting rack. The column was rinsed with 500 *μ*l of buffer and the cell suspension was added to the column. After the column reservoir was emptied, the column was washed three times with 500 *μ*l of buffer. The column was removed from the separator and placed on a collection tube. One milliliter of buffer was pipetted onto the column. The magnetically labeled cells were immediately flushed out by firmly pushing the plunger into the column. After counting and diluting the isolated cells, aliquots of 5 × 10^5^ positive cells were cytocentrifuged at 800 r.p.m. for 5 min on polylysine-coated slides and cytospins were dried at room temperature for 30--60 min. The slides were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 15 min at room temperature. Experiments were performed immediately or samples were stored at −20 °C until subsequent processing.

Immunofluorescence staining
---------------------------

To identify CTCs on slides, a mouse anti-human monoclonal antibody against Hepatocyte-Specific Antigen (Abcam, Cambridge, MA, USA) was used to detect normal and neoplastic hepatocytes, and a rat anti-human CD45 monoclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used to detect hematologic cells. Double-immunofluorescence staining was carried out according to the manufacturer\'s protocol. Briefly, the slides were rinsed with wash buffer (PBS with 0.5% Tween-20), and the cells were permeabilized with 0.25% Triton for 10 min. Nonspecific binding sites were blocked with 1% BSA in PBST (PBS with 0.5% Tween-20) for 30 min. Subsequently, the slides were stained with the HSA antibody overnight, along with the corresponding secondary Alexa Fluor 647 rabbit anti-mouse IgG antibody (Invitrogen). Slides were then incubated with rat antihuman CD45 monoclonal antibody for 90 min at room temperature and subsequently incubated with the corresponding Alexa Fluor 488 rabbit anti-rat IgG antibody (Invitrogen) for 60 min. The nuclei were stained with 4^′^,6-diamidino-2-phenylindole (DAPI), and the slides were mounted using an antifade reagent. In addition, vimentin, twist, ZEB1, ZEB2, snail, slug and E-cadherin expression levels in CTCs were investigated using triple immunofluorescence with an HSA antibody, a CD45 antibody and the following primary antibodies: rabbit anti-human polyclonal twist/ZEB1/ZEB2 antibody (Abcam), rabbit anti-human polyclonal vimentin/snail/E-cadherin antibody (Santa Cruz Biotechnology Inc.) and rabbit anti-human monoclonal slug antibody (Cell Signaling). An Alexa Fluor 555 donkey anti-rabbit IgG (Invitrogen) was used as the corresponding secondary antibody. The entire immunofluorescence protocol was performed in a humidified chamber. Finally, the slides were analyzed using a confocal laser-scanning microscope (Leica TCS SP5 MP, Wetzlar, Germany).

Western blot
------------

Protein samples that were extracted from primary HCC tissues, adjacent non-tumoral liver tissues and a series of hepatoma cell lines were analyzed using SDS-PAGE. After the samples were transferred to nitrocellulose membranes, the membranes were blocked for 60 min at room temperature and incubated with various primary antibodies at 4 °C overnight. The following primary antibodies were used for the western blot analysis: mouse anti-human E-cadherin antibody (Abcam), rabbit anti-human twist antibody (Gene Tex, Irvine, CA, USA), rabbit anti-human ZEB1 and ZEB2 antibody (Abcam), rabbit anti-human vimentin, snail antibody (Santa Cruz Biotechnology Inc.), rabbit anti-human slug antibody (Cell Signaling) and mouse anti-human *β*-actin antibody (Sigma-Aldrich). The special Odyssey secondary antibodies were IRDye680 donkey anti-rabbit IgG antibody and IRDye800 donkey anti-mouse IgG antibody (LI-COR, Lincoln, NE, USA). The fluorescent signals were detected and quantified using the Odyssey Infrared Imaging System^[@bib45]^ (LI-COR).

Immunohistochemistry
--------------------

Immunohistochemical staining was carried out with 5-μm sections of paraformaldehyde-fixed, paraffin-embedded tumor samples and adjacent non-tumoral liver tissues. The sections were incubated at 68 °C for 20 min prior to being deparaffinized in xylene, rehydrated in a graded ethanol and quenched with PBS three times. For heat-induced antigen retrieval, the slides were boiled in a microwave oven for 15 min (0.01 mmol/l citrate buffer) and allowed to cool down at room temperature for 20 min. After immersing the slides in a 3.0% hydrogen peroxide solution for 20 min to inhibit endogenous peroxidase activity, nonspecific binding sites were blocked by incubation with 10% normal goat serum for 30 min at room temperature. The slides were incubated with primary mouse anti-human E-cadherin antibody (Abcam), rabbit anti-human twist, ZEB1 and ZEB2 antibody (Abcam), rabbit anti-human vimentin, snail antibody (Santa Cruz Biotechnology Inc.) and rabbit anti-human slug antibody (Cell Signaling) at 4 °C overnight. After washing with PBS, the sections were incubated with secondary antibody coupled with peroxidase-conjugated polymers (Beyotime) for 20 min. The target antigens were detected using a DAB horseradish peroxidase chromogenic kit (Beyotime) according to the manufacturer\'s instructions. Finally, the sections were counterstained with haematoxylin, dehydrated in graded ethanol and mounted. The slides were analyzed using light microscopy (Leica, Wetzlar, Germany).

Statistical analysis
--------------------

Categorical data described in a contingency table with two columns and two rows were analyzed using the Fisher\'s exact test. Spearman\'s rank correlation analysis was used for nonparametric correlation analysis. The expression of EMT-related genes in HCC tumors and paired adjacent non-tumoral liver tissues was compared using the paired-samples *t*-test. The Mann--Whitney *U*-test was used to examine the differences in EMT-related gene expression in two independent groups of HCC patients. All statistical analyses were carried out with the SPSS statistical software package, and the experimental data are expressed as the mean±S.E.M. A two-sided *P*\<0.05 was considered statistically significant.
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CTCs

:   circulating tumor cells

EMT

:   Epithelial--mesenchymal transition

HCC

:   hepatocellular carcinoma

ASGPRs

:   asialoglycoprotein receptors

PBMCs

:   peripheral blood mononuclear cells

HSA

:   hepatocyte-specific antigen

IgG

:   immunoglobulin G

DAPI

:   4′,6--diamidino-2-phenylindole
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![Flow cytometric analysis confirmed the specific binding of biotinylated asialofetuin to ASGPR. HepG2, MHC97H, PLC, SMMC-7721 and SK-Hep1 are human hepatoma cell lines expressing ASGPR. The human gastric cancer cell line MGC-803 and the HeLa human cervical adenocarcinoma cell lines are both negative for ASGPR. All the cells were stained using biotinylated asialofetuin and antibiotin-luorescein isothiocyanate (FITC), excluding the HepG2 cells stained with PBS and antibiotin-FITC, which served as the controls. After ASGPR was knocked down in HepG2 and PLC cells, biotinylated asialofetuin binding was barely detectable in these two cell lines](cddis2013347f1){#fig1}

![Immunofluorescence staining identified the expression of EMT-related genes in CTCs obtained from HCC patients with different stages of disease. (**a**) CTCs and hematologic cells were stained with the HSA anti-mouse antibody/Alexa Fluor 647 rabbit anti-mouse IgG (red) and CD45 anti-rat antibody/Alexa Fluor 488 rabbit anti-rat IgG (green). The cell nuclei were stained with DAPI (blue). (**b**--**g**) Triple-immunofluorescence shows CTCs expressing vimentin, twist, ZEB1, ZEB2, snail and E-cadherin, respectively. These CTCs were stained with primary antibodies raised in rabbit against vimentin, twist, ZEB1, ZEB2, snail and E-cadherin, and the corresponding secondary antibody was Alexa Fluor 555 donkey anti-rabbit IgG (yellow). The remaining staining procedures were as same as those described for double-immunofluorescence. Bar=10 *μ*m. Twist and vimentin coexpression in CTCs obtained from the same patient. Representative photomicrographs of CTCs obtained from the same patient in different visual fields. (**h**) A CTC expressing HSA and twist but not CD45. (**i**) A CTC expressing HSA and vimentin but not CD45. Original magnification × 800](cddis2013347f2){#fig2}

![EMT-related markers are significantly differentially expressed in primary HCC tumors compared with adjacent non-tumoral tissues. (**A**) E-cadherin was highly expressed in adjacent non-tumoral liver tissues (a, b), and the expression of E-cadherin was nearly absent in tumor tissues (c, d). Vimentin, twist and ZEB1 expression was significantly lower in adjacent non-tumoral liver tissues (e, f; i, j; m, n) than in primary HCC tumors (g, h; k, l; o, p). The expression of ZEB2 was prone to be downregulated in HCC tumors (s, t) compared with adjacent non-tumoral liver tissues (q, r). There was no apparent difference in the snail expression in adjacent non-tumoral liver tissues (u, v) and HCC tumors (w, x). Slug expression was barely detectable in adjacent non-tumoral liver tissues (y, z) or HCC tumors (*α*, *β*). Original magnification × 100 (a, c, e, g, i, k, m, o, q, s, u, w, y, *α*), bar=100 *μ*m. and corresponding areas with higher magnification × 200 (b, d, f, h, j, l, n, p, r, t, v, x, z, *β*), bar=50 *μ*m. (**B**) A representative immunoblot of E-cadherin, vimentin, twist, ZEB1, ZEB2, snail and slug protein levels in adjacent non-tumoral liver tissues (TN) and HCC tumors (T). *β*-actin was used as an internal standard for protein loading. (**C**) A representative immunoblot of E-cadherin, vimentin and twist expression in several HCC cell lines and HeLa cells. (**D**) The relative quantification analysis revealed that E-cadherin was significantly downregulated in HCC tumors compared with the adjacent non-tumoral liver tissues (*n*=28, \*\**P*=0.003). Vimentin, twist and ZEB1 expression levels were significantly upregulated in HCC tumors compared with the adjacent non-tumoral liver tissues (*n*=28, \*\**P*=0.002, \*\*\**P*\<0.001, \**P*=0.016). ZEB2 expression was significantly decreased in HCC tumors compared with the adjacent non-tumoral liver tissues (*n*=28, \**P*=0.030). There was no statistically significant difference for snail and slug expression in HCC tumors or paired adjacent non-tumoral liver tissues](cddis2013347f3){#fig3}

![The occurrence of the EMT in HCC correlated with portal vein tumor thrombus and promoted CTC formation. (**a**) The relative level of vimentin expression was negatively correlated with E-cadherin expression in HCC tumors (*n*=28, *r*=−0.604, *P*=0.001). (**b**) The relative level of twist expression was negatively correlated with E-cadherin expression in HCC tumors (*n*=28, *r*=−0.437, *P*=0.020). (**c**) The expression of E-cadherin in HCC tumors was significantly lower in patients with portal vein tumor thrombus (*n*=10) than in patients without portal vein tumor thrombus (*n*=18) (\*\**P*=0.007), vimentin and twist expression in HCC tumors was significantly higher in patients with portal vein tumor thrombus (*n*=10) than in patients without portal vein tumor thrombus (*n*=18) (\*\*\**P*\<0.001, \*\**P*=0.004, respectively). There was no significant correlation between the expression of other transcriptional factors and portal vein tumor thrombus. (**d**) The expression of E-cadherin in HCC tumors was significantly lower in the CTC-positive patients (*n*=18) than in the CTC-negative patients (*n*=10) (\**P*=0.013). The expression of vimentin and twist in HCC tumor was significantly higher in CTC-positive patients (*n*=18) than in the CTC-negative patients (*n*=10) (\**P*=0.012, \*\**P*=0.009, respectively). The expression levels of the other transcriptional factors were not correlated with the positivity rate of CTCs](cddis2013347f4){#fig4}

###### The correlation between the positive rate of isolated CTCs and clinical variables of HCC patients

  **Clinical variable**                     ***P*****-value**
  -------------------------------- ------------------------------------
  Age                                 NS[a](#t1-fn2){ref-type="fn"}
  Sex                                 NS[a](#t1-fn2){ref-type="fn"}
  Cirrhosis                           NS[a](#t1-fn2){ref-type="fn"}
  Tumor number                        NS[a](#t1-fn2){ref-type="fn"}
  Etiology                            NS[b](#t1-fn3){ref-type="fn"}
  Child--pugh class                   NS[b](#t1-fn3){ref-type="fn"}
  AFP                                 NS[b](#t1-fn3){ref-type="fn"}
  Portal vein tumor thrombus        \<0.001[a](#t1-fn2){ref-type="fn"}
  Edmondson--Steiner grade           0.005[a](#t1-fn2){ref-type="fn"}
  Milan criteria                    \<0.001[a](#t1-fn2){ref-type="fn"}
  Tumor size                         0.003[b](#t1-fn3){ref-type="fn"}
  TNM[c](#t1-fn4){ref-type="fn"}    \<0.001[b](#t1-fn3){ref-type="fn"}

NS, not significant

*P*-values from Fisher\'s exact test

*P*-values from Spearman\'s rank correlation analysis

Sixth edition of UICC TNM staging system of HCC (2002)

###### The prognosis of 31 patients with HCC

  **Classification**   **Patient number**   **Number of recurrence/metastasis**   **Number of no recurrence and no metastasis**   **The rate of recurrence or metastasis**   ***P*****-value**                  **Number of death**   **Number of survival**   **The mortality rate**   ***P-*****value**
  -------------------- -------------------- ------------------------------------- ----------------------------------------------- ------------------------------------------ ---------------------------------- --------------------- ------------------------ ------------------------ ----------------------------------
  CTC+ group           25                   22                                    3                                               88.0%                                      0.002[a](#t2-fn2){ref-type="fn"}   16                    9                        64.0%                    0.007[a](#t2-fn2){ref-type="fn"}
  CTC− group           6                    1                                     5                                               16.7%                                                                         0                     6                        0.0%                      

31 HCC patients received resection of liver cancer or hepatic artery chemoembolization. All patients were followed up for no less than 1 year

*P*-value from the Fisher\'s exact test

###### The correlation between the positivity rate of twist, vimentin expression in CTCs and clinical variables of HCC patients

                                                **Twist**                           **Vimentin**              **Twist and vimentin coexpression**
  -------------------------------- ------------------------------------ ------------------------------------ -------------------------------------
  Age                                 NS[a](#t3-fn2){ref-type="fn"}        NS[a](#t3-fn2){ref-type="fn"}         NS[a](#t3-fn2){ref-type="fn"}
  Sex                                 NS[a](#t3-fn2){ref-type="fn"}        NS[a](#t3-fn2){ref-type="fn"}         NS[a](#t3-fn2){ref-type="fn"}
  Cirrhosis                           NS[a](#t3-fn2){ref-type="fn"}        NS[a](#t3-fn2){ref-type="fn"}         NS[a](#t3-fn2){ref-type="fn"}
  Tumor number                        NS[a](#t3-fn2){ref-type="fn"}        NS[a](#t3-fn2){ref-type="fn"}         NS[a](#t3-fn2){ref-type="fn"}
  Etiology                            NS[b](#t3-fn3){ref-type="fn"}        NS[b](#t3-fn3){ref-type="fn"}         NS[b](#t3-fn3){ref-type="fn"}
  Child--pugh class                   NS[b](#t3-fn3){ref-type="fn"}        NS[b](#t3-fn3){ref-type="fn"}         NS[b](#t3-fn3){ref-type="fn"}
  AFP                                 NS[b](#t3-fn3){ref-type="fn"}        NS[b](#t3-fn3){ref-type="fn"}         NS[b](#t3-fn3){ref-type="fn"}
  Portal vein tumor thrombus        \<0.001[a](#t3-fn2){ref-type="fn"}    0.003[a](#t3-fn2){ref-type="fn"}    \<0.001[a](#t3-fn2){ref-type="fn"}
  Edmondson--Steiner grade            NS[a](#t3-fn2){ref-type="fn"}        NS[a](#t3-fn2){ref-type="fn"}         NS[a](#t3-fn2){ref-type="fn"}
  Milan criteria                      NS[a](#t3-fn2){ref-type="fn"}       0.036[a](#t3-fn2){ref-type="fn"}     0.044[a](#t3-fn2){ref-type="fn"}
  Tumor size                          NS[b](#t3-fn3){ref-type="fn"}      \<0.001[b](#t3-fn3){ref-type="fn"}    0.004[b](#t3-fn3){ref-type="fn"}
  TNM[c](#t3-fn4){ref-type="fn"}     0.04[b](#t3-fn3){ref-type="fn"}      0.003[b](#t3-fn3){ref-type="fn"}     0.001[b](#t3-fn3){ref-type="fn"}

NS, not significant

*P*-values from the Fisher\'s exact test

*P*-values from Spearman\'s rank correlation analysis

Sixth edition of UICC TNM staging system of HCC (2002)

###### Clinical characteristics of 60 patients with HCC

  **Clinical variable**               ***n***   **%**
  ---------------------------------- --------- -------
  Age, mean±S.D., year                 51±10       
   \<50                                 34      56.7
   ≥50                                  26      43.3
                                                   
  *Sex*                                        
   Male                                 54      90.0
   Female                                6      10.0
                                                   
  *Etiology*                                   
   HBV only                             54      90.0
   HCV only                              1       1.7
   HBV and HCV                           1       1.7
   Non-HBV, non-HCV                      4       6.6
                                                   
  *Child--Pugh class*                          
   A                                    47      78.3
   B                                     9      15.0
   C                                     4       6.7
                                                   
  *Cirrhosis*                                  
   With                                 53      88.3
   Without                               7      11.7
                                                   
  *AFP, ng/ml*                                 
   \<20                                 16      26.7
   20--100                               8      13.3
   100--400                             10      16.7
   ≥400                                 26      43.3
                                                   
  *Tumor number*                               
   Single                               45       75
   Multiple                             15       25
                                                   
  *Tumor size, cm*                             
   \<3                                  11      18.3
   3--5                                 12       20
   ≥5                                   37      61.7
                                                   
  *Portal vein tumor thrombus*                 
   Without                              28      46.7
   With                                 32      53.3
                                                   
  *Edmondson--Steiner grade*                   
   I or II                              12       20
   III or IV                            16      26.7
   N/A[a](#t4-fn2){ref-type="fn"}       32      53.3
                                                   
  *TNM*[b](#t4-fn3){ref-type="fn"}             
   Stage I                              19      31.7
   Stage II                              4       6.7
   Stage III                            32      53.3
   Stage IV                              5       8.3
                                                   
  *Milan criteria*                             
   Within                               18       30
   Beyond                               42       70
   Total                                60       100

HBV, hepatitis B virus; HCV, hepatitis C virus; N/A, not applicable

These HCC patients did not undergo hepatic resection nor liver biopsy, and the specimens were not available

Sixth edition of UICC TNM staging system of HCC (2002)
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